Abstract-A new definition of mutual impedance for two dipole antennas is introduced to characterize the mutual coupling effect between two dipole antennas in a more accurate manner. The calculation method and the measurement procedure for the new mutual impedance are given. Measurement and theoretical results on two monopole antennas were obtained as an example. The successful applications of the new mutual impedance in the compensation of mutual coupling effect in direction finding and adaptive interference suppression with significantly improved results showed the importance of the new mutual impedance.
I. INTRODUCTION
R ECEIVING antenna arrays have many applications such as in direction finding and in interference suppression. The proper functioning of a receiving array relies on the accurate knowledge of the terminal pick-up voltages or currents excited by the receiving signals. However, almost all receiving arrays have the problem of mutual coupling effect which comes together with receiving signals and appears in the terminal voltages or currents. Depending on its strength, the mutual coupling effect sometimes critically affects the performance of a receiving array. Hence, it is important to characterize and quantify the mutual coupling effect between antenna elements in order to solve this problem. Previously, the mutual coupling effect was measured by the conventional mutual impedance. By definition, the conventional mutual impedance is the ratio of the induced open-circuit voltage of one antenna to the exciting terminal current of the other antenna [1] - [3] . However, some recent studies [4] - [6] have shown that the conventional definition of mutual impedance cannot accurately measure the mutual coupling effect. One of the deficiencies of the conventional mutual impedance lies in its failure to take into account the direction information of the receiving signals because of the requirement of one of the antenna elements in the transmitting mode whereas in a receiving array, all antenna elements are in the receiving mode, being excited by external source(s). In this letter, we introduce the formal definition of a new mutual impedance for two dipole receiving antennas which takes into account of the 
II. THE NEW DEFINITION OF MUTUAL IMPEDANCE

A. Theory
The conventional definition of mutual impedance between two dipoles is defined with one antenna being in the transmitting mode connected to a source while the other is in the receiving mode and open-circuited [1] . The mutual impedance, is then calculated as the ratio of the voltage induced across the open-circuit terminal of the first antenna (excited one) to the excitation current flowing through the short-circuit terminal of the second antenna (exciting one). (This ratio is negative if the current direction is defined differently [3] .) To calculate the open-circuit voltage across the first antenna (in the receiving mode), the reciprocity theorem is usually used with an assumption of a (single-phase) sinusoidal current distribution flowing with its terminals shorted [2] . Obviously, the conventional definition of mutual impedance does not properly model the antenna elements in a receiving array because one antenna has to be in the transmitting mode whereas in a receiving array, all antenna elements are in the receiving mode. It is not difficult to understand that the current distributions of a dipole antenna in the receiving and transmitting modes are different (especially their phases). The longer the dipole, the bigger is this difference. Another deficiency of the conventional definition is that it does not take into account the terminal loads which actually affect the current distributions and which in turn affect the mutual impedance so calculated.
To remedy this situation, we propose a new alternative definition of the mutual impedance for two dipole antennas both in the receiving mode. Consider two dipole antennas as shown in Fig. 1 . Both dipoles are passive and connected to a terminal load . To obtain the new mutual impedance, we assume that antenna #2 is excited by an incident field coming from the horizontal direction (normal to the dipoles) so that a current distribution is induced on it. The value of this current distribution at the terminal load is indicated by . This induced current distribution then re-radiates and induces (couples) a current distribution on antenna #1 which produces a voltage across the terminal load . The new mutual impedance is then defined as (1) Note that the definition of mutual impedance in (1) depends on the direction of incident field, but not its strength or phase. (The strength and the phase of the incident field do affect but will be changed in the same way so that their ratio will remain unchanged.) Due to the symmetrical property of the dipole antenna, the azimuth angle (on the horizontal plane) of the incident field does not affect the new mutual impedance but not the elevation angle. The new mutual impedance so defined thus depends on the relative separation of the two dipole antennas only but not the strength or phase of the incident field. Furthermore, unlike the conventional definition of mutual impedance, the definition in (1) also depends on the terminal load being connected to the two antennas. That is, the two antennas are loaded with rather than open-circuited or shorted as in the conventional definition. Both and are terminal quantities and can be measured. (This makes it much simpler in designing the measurement procedure for the new impedance, as shown later.) Note that whether antenna #1 is also excited or not by the incident field is irrelevant in this new definition of mutual impedance. Only the induced voltage which is excited by the current distribution on antenna #2 is taken into account in (1). It will be shown later that this new definition of mutual impedance accounts for the mutual coupling effect in receiving antenna arrays in a more accurate manner than the conventional definition of mutual impedance.
B. Measurement Procedure for the New Mutual Impedance
To determine the mutual impedances in (1) by measurement, a different procedure from the conventional measurement method has to be used. This is due to the requirement that both antennas have to be in the receiving mode. We demonstrate by considering an example of two monopole antennas (same as dipole antennas after removing the ground plane by invoking the image theorem [7] ). The dimensions of the two monopoles are: length and wire radius . They are placed over a large ground plane and are connected to a 50 load . The distance between the two monopoles is (half wavelength at 2.4 GHz). The mutual impedance is measured inside an anechoic chamber as shown in Fig. 2 . Note that the incident field from the transmitting antenna impinges horizontally on the monopole antennas and that the azimuth angle of the incident field is irrelevant in the measurement as explained before. The measured scattering parameter is converted into a voltage as [8] (
where is the square root of the power emitted by the transmitting horn inside the anechoic chamber and is the square root of the power received by a monopole element with being the terminal voltage of the monopole element and being the system impedance . Both and are complex values with magnitudes and phases. With the monopoles placed inside the anechoic chamber and labeled as monopoles 1 and 2, the following three measurement steps are carried out.
1) Measure at monopole 1's terminal with monopole 2's terminal connected to a load . Denote it as . 2) Measure at monopole 2's terminal with monopole 1's terminal connected to a load . Denote it as . 3) Measure at monopole 1's terminal with monopole 2 removed (taken away from the array). Denote it as . Throughout the whole measurement process, the positions of the two monopoles are kept fixed since any change in their positions will alter the relative phases and magnitudes between , , and . Now, convert the measured scattering parameters into the respective terminal voltages using (2). That is (3) (4) (5) where is the measured voltage at monopole 1's terminal with monopole 2's terminal connected to a load ; is the measured voltage at monopole 2's terminal with monopole 1's terminal connected to a load ; is the measured voltage at monopole 1's terminal with monopole 2 removed. From the relationship between , , and , we have (6) and and (7) where , and are the terminal currents defined in a similar way as the corresponding voltages , , and . From (6) (8) Using (7) (9) Thus, we obtain the new mutual impedance in terms of the measured scattering parameters. The theoretically calculated and measured mutual impedances are shown in Fig. 3 . The theoretical values are obtained by using the moment method [9] with and calculated as in Section II-A. In Fig. 3 , we have also shown the theoretically calculated conventional mutual impedance of the two monopoles in the inset for comparison with the new mutual impedance. It can be seen that they are very different. Note that the conventional mutual impedance is defined with an open circuit which implies that there should be no current flowing in one of the antennas. However, that is only approximately true in a quasi-static case (i.e., at very-low frequencies). At high frequencies when the wavelength is comparable to the dimension of the antenna, there will be small currents flowing even with an open circuit. This is one of the deficiencies of the conventional mutual impedance. However, the conventional mutual impedance is still approximately correct at low frequencies, especially for circuit analyses.
III. APPLICATION TO A DIPOLE RECEIVING ANTENNA ARRAY
Consider a dipole array with n antenna elements for receiving a signal as shown in Fig. 4 . Assuming the signal comes from the horizontal direction, we can use the new mutual impedance to express the voltages induced across the antenna terminal loads. The voltage induced across an antenna terminal load can be considered to be excited by two sources: the incoming signal and the scattered fields due to other antenna elements in the array. Note that these two excitation sources are independent from each other, meaning that the electromagnetic field excited by either one of them satisfies the boundary conditions alone. Thus, by using the superposition principle, the induced voltage, for example, across the th antenna terminal load of the array can be written as the sum of two parts (10) where is the voltage due to the signal alone and is the voltage due to the scattered fields from other antenna elements (i. e., the mutual coupling effect) and can be written using the new mutual impedance as (11) In (10) and (11), is the terminal current on the th antenna terminal load and in (11) is the new mutual impedance between the kth and the ith antenna elements as defined in (1) . Note that although for an array with more than two antenna elements the definition in (1) does not take into account of the presence of other antennas in the array other than the two elements under consideration, the error resulted from that is actually very small for most practical situations. Otherwise, the scattering effect of the other antenna elements can be easily taken into account in the calculation of the mutual impedance. The expression of the terminal voltages in (10) and (11) has an important application in array signal processing in that we can find the induced voltages due to the signal alone from the terminal measured voltages . Most of the array signal processing algorithms are based on the knowledge of signal voltages and not the measured voltages which include the mutual coupling effect. As shown in (11), once the mutual impedances are determined and the terminal currents are known, can be calculated and, hence, can be easily found from using (10). The validity of the new definition of mutual impedance and the expressions (10) and (11) has been demonstrated in several studies in direction finding [4] and interference suppression [5] , [6] . It is important to note that by using the new definition, significantly better results have been obtained in all these studies.
IV. CONCLUSION
A new definition of mutual impedance for two dipole antennas is introduced to characterize the coupling effect between two dipole antennas in a more accurate manner. The theory and measurement method for the new mutual impedance are given. Measurement and theoretical results on two monopole antennas are obtained. The use of the new mutual impedance to derive the expression of the terminal voltages in a dipole receiving array is introduced.
